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We report the formation of perfectly aligned, high-density, shallow nitrogen vacancy (NV) centers on the 
(111) surface of a diamond. The study involved step-flow growth with a high flux of nitrogen during 
chemical vapor deposition (CVD) growth, which resulted in the formation of a highly concentrated (>1019 
cm-3) nitrogen layer approximately 10 nm away from the substrate surface. Photon counts obtained from 
the NV centers indicated the presence of 6.1 × 1015-3.1 × 1016 cm-3 NV centers, which suggested the 
formation of an ensemble of NV centers. The optically detected magnetic resonance (ODMR) spectrum 
confirmed perfect alignment (more than 99 %) for all the samples fabricated by step-flow growth via CVD. 
Perfectly aligned shallow ensemble NV centers indicated a high Rabi contrast of approximately 30 % 
which is comparable to the values reported for a single NV center. Nanoscale NMR demonstrated surface-
sensitive nuclear spin detection and provided a confirmation of the NV centers depth. Single NV center 
approximation indicated that the depth of the NV centers was approximately 9-10.7 nm from the surface 
with error of less than ±0.8 nm. Thus, a route for material control of shallow NV centers has been 
developed by step-flow growth using a CVD system. Our finding pioneers on the atomic level control of 
NV center alignment for large area quantum magnetometry. 
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Nitrogen-vacancy (NV) color centers in diamond emerged as a breakthrough material to realize 
quantum sensing and quantum information processing. These centers possess unique spin-dependent 
fluorescence combined with microwave coherent manipulation and constitute a material platform for a 
quantum magnetometer1,2. Furthermore, a NV center located in close proximity to an external spin of 
interest allows for statistical nuclear polarization detection at the nanoscale for magnetic sensing 
applications3,4,5. Nanoscale nuclear magnetic resonance (NMR) allows for small detection volume in the 
order of approximately (5 nm)3, and can be utilized for the determination of single protein structure, in 
contrast to the standard magnetic detection techniques such as NMR and magnetic force microscopy 
(MFM)6,7. A fundamental limitation of an NV center based magnetometer is the material control required 
to confine the NV center in the vicinity (<10 nm) of the substrate surface with a high magnetic sensitivity. 
Previous studies that examined shallow NV centers focused on either a high-density ensemble for two-
dimensional large area imaging or a single NV center for high contrast and high coherent time to obtain a 
minimal detection volume using nanoscale NMR. However, it was found necessary to combine spatial 
localization of a NV centers with alignment, high density, and a long spin coherence time (T2) to obtain 
high magnetic sensitivity. The alignment of NV centers in an ensemble is the key to accomplish high 
contrast while maintaining high signal to noise ratio for high magnetic sensitivity with low accumulation 
time. In this regard, low energy ion implantation is the most common technique utilized for the production 
of NV centers in the vicinity of a surface8. However, this methodology suffers from large depth dispersion 
(>10 nm) of the NV centers due to ion straggling and channeling effects9,10. Additionally, high-density 
surface defects formed during implantation affect the spin coherence time and the ensembles show a 
random orientation with this technique12,13,14. Existing studies include reports of CVD growth that 
demonstrated a narrow distribution in the confinement of NV centers in the vicinity of a surface11 and 
their atomic alignment on (100), (110), (113), and (111) substrates for the formation of thick diamond 
films14,15,16,17,18,19,20. Nearly all previous studies have focused on either low density NV centers (<1013 cm-
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3) in the vicinity of a surface with no alignment21,22,23 or the formation of NV ensembles with alignment 
in bulk.  
In this paper, the formation of a perfectly aligned high-density shallow NV center film for surface-
sensitive detection of nuclear spin has been demonstrated. Results obtained from SIMS measurement 
combined with an effective depth obtained from nanoscale NMR measurement confirms presence of 
shallow NV center approximately 9-10.7 nm from surface with error of less than ±0.8 nm. The results of 
this study offer a path toward controlling the alignment of shallow NV center ensembles. 
In this study, NV-containing diamond films were grown on diamond IIa (111) substrates by using a 
microwave plasma chemical vapor deposition (MPCVD) system using CH4 and H2 as source gases. 
During the growth, N2 gas was introduced as a nitrogen source to form NV centers in the diamond films. 
A shallow NV center was formed by increasing the time of growth from 30 to 120 s at growth rate of 0.3 
nm s-1 as confirmed by secondary ion mass spectrometry (SIMS). The growth condition included 75 Torr 
pressure, 620 W power, 900 °C temperature, and a total gas flow of 1000 sccm with CH4: 0.5 sccm, N2: 
3.2–4 sccm and H2 as a carrier gas. An intrinsic diamond was grown for 7 h prior to the formation of the 
NV centers. NV centers were formed on the surface without intrinsic diamond cap layer. The off-angle of 
the substrates corresponded to 2-3 ° along the <1�1�2> direction and off-direction less than 5 ° from the 
<1�1�2> direction. The morphology of the samples was investigated by atomic force microscopy (AFM). 
The fluorescence intensity of the NV centers was measured by using a home-built confocal microscope 
system that was equipped with a 532 nm laser, avalanche photo diode detectors, and a spectrometer. 
Optically detected magnetic resonance (ODMR) was performed to analyze the alignment ratio of the NV 
axis. Surface magnetic sensitivity was determined by performing nanoscale NMR using a XY8 pulse 
sequence. 
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A typical AFM image of the sample is shown in Figure 1(a).  Step-flow is observed towards the <1�1�2> 
direction as indicated by a black arrow in Figure 1(a) and the cross sectional scan of the AFM image in 
this location is shown in Figure 1(b). The average step height lies in the range of 1–4 nm. The step heights 
of 1 nm and 4 nm are indicated by arrows in Figure 1(b). Small steps of 1 nm and a considerably smaller 
terrace size are packed tightly between the larger step height terrace. The step height distribution 
corresponds to a distribution in nanoscale bunching that occurs during intrinsic layer deposition. Figure 1 
(c) shows a confocal XY scan of the sample that illustrates the high emission counts observed throughout 
the sample. Confocal spot size estimated by 300 nm diameter and thickness obtained from SIMS 
measurements were used for calculation of the confocal spot volume. Emission counts were compared 
with photon counts from single NV center for calculation of an ensemble NV density. Photon counts 
observed in the sample corresponds to the NV centers density of 6.1×1015 cm-3–3.1×1016 cm-3. The 
observed NV center distribution can be correlated to the distribution of step height in the AFM image, 
which is caused by difference in the speed of propagation of steps. Higher steps are caused by bunching 
of step-flow wherein higher steps propagate at slower speed in the lateral direction and in which the NV 
centers are more localized when compared to a smaller step size with higher propagation speed. Ensembles 
of NV centers are observed throughout the sample and have a density that exceeds 6.1×1015 cm-3.  
 
Fig. 1. Surface morphology and fluorescence characteristics of shallow ensemble NV centers. (a) 
AFM image (field view of 30 𝛍𝛍𝛍𝛍 × 30 𝛍𝛍𝛍𝛍) black arrow indicates the <1�1�2> direction and the 
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location of the cross sectional scan shown in (b). (b) AFM cross sectional profile. (c) XY confocal 
scan image (field of view of 10 𝛍𝛍𝛍𝛍 x 10 𝛍𝛍𝛍𝛍).  
The SIMS measurement confirms the presence of a nitrogen layer (>1019 cm-3) having variable 
thickness depending on the different growth times. Figure 2 shows the SIMS measurement performed on 
a delta doped layer that was obtained after 30, 60, and 120 s of growth time. All samples used for SIMS 
measurements show full coverage of the substrate with NV centers. These measurements also confirm the 
background level of nitrogen (< 5 × 1016 cm-3) in the intrinsic layer. A variation in the growth time of 30, 
60, and 120 s indicates film thicknesses of 12, 18, and 36 nm, respectively, corresponding to a growth rate 
of 0.29 nm s-1. The nitrogen concentration shows an exponential increase and saturation at 3 × 1019 cm-3 
which suggests a difference in the thickness of delta doped layer with a comparable concentration of 
nitrogen. The presence of a high nitrogen concentration (>1019 cm-3) in the vicinity of the surface indicates 
the confinement of delta doped NV centers with an approximate width of 10 nm corresponding to the 
shortest growth time of 30 s. High concentration of nitrogen (>1019 cm-3) was induced by combination of 
high impurity incorporation efficiency on (111) diamond substrate24 and use of high nitrogen to carbon 
ratio ranging from 8-6.4. 
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Fig. 2. SIMS measurement with respect to the nitrogen concentration of shallow ensemble NV 
centers with growth times of 30 s, 60 s and 120 s. High nitrogen density observed down to depth of 
1-2 nm is caused by surface adsorbents and it does not account for actual concentration in film. 
Figure 3 (a) shows the photoluminescence (PL) spectrum of the shallow NV ensembles. A zero phonon 
line (ZPL) can be clearly observed at 637 nm with the appearance of a phonon side band at a higher 
wavelength that confirms the presence of a NV- centers in the films. The NV0 emission that is typically 
observed at 575 nm is notably absent in the PL spectrum. The diamond Raman peak is observed at 572 
nm and a second order Raman peak of a diamond is observed at 612 nm. The PL spectrum also confirms 
the formation of a stable negatively-charged state within 10 nm from the hydrogen terminated sample 
surface. This effect is attributed to the high concentration of nitrogen (> 1019 cm-3) introduced into the film 
to provide n-type conductivity by stabilizing a Fermi level at an energy exceeding the NV- ground state 
energy level8. All samples described here were hydrogen terminated during CVD growth. Continuous 
wave (CW)-ODMR spectrum measured under a static magnetic field along the [111] direction was used 
to investigate the crystal orientation of the NV centers. This configuration shows the resonance lines from 
the NV centers along the [111] direction (NV[111]) at 2.87 ± (γ/2π)B GHz, and along the other three 
directions at 2.87 ±(γ/2π)B cos(109°) GHz in the ODMR spectrum25. Magnetic field was first calibrated 
by using randomly aligned NV centers to confirm peaks for [111] direction and other directions. Figure 3 
(b) shows a typical ODMR spectrum of shallow NV ensembles with 25 mT of magnetic field. Two 
resonance lines are observed for the sample, with no additional two peaks corresponding to a direction 
separate from the [111] direction. Comparison of root mean square (RMS) value on background noise 
with the signal obtained from ODMR spectrum shows perfect alignment ratio of more than 99 %. Previous 
reports21,22,23 on the fabrication of a shallow NV centers by CVD technique indicated a NV concentration 
in the approximate range of 1012~1013 cm-3. The sample in this study demonstrates more than hundred 
times increase in the density of the NV centers created in the vicinity of the surface with perfect alignment. 
The spin coherent property of shallow NV ensembles is evaluated by performing the Rabi oscillation and 
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Hahn echo measurements. Figure 3(c) shows the Rabi oscillation observed on perfectly aligned shallow 
NV ensembles. These ensembles indicate a high contrast of approximately 30 %, which is comparable to 
that reported for single NV centers experiments20. The high contrast demonstrates the alignment of 
ensemble NV centers in the vicinity of the surface on the (111) substrate that combines the benefit of a 
single NV center for high contrast with a high number of NV centers. Spin echo measurements were also 
performed to determine the spin relaxation time (T2) in the shallow NV samples. Figure 3 (d) is fitted to 
the exponential decay function in order to evaluate T2, which was found to be 6 µs for the sample that was 
grown for 30 s under a N2 flow rate of 3.2 sccm. These results indicate a slight increase in the value of T2; 
with variations in the nitrogen flow rate during CVD growth from 4 sccm to 3.2 sccm, the T2 value changed 
from approximately 4 µs to 6 µs. The coherent time of 6 µs is attributed to the high-density P1 center 
which could also be confirmed from the SIMS measurements that showed a nitrogen concentration 
exceeding 1019 cm-3 26,27. No distribution in T2 values were observed between NV centers created on the 
step edge or step terrace. 
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Fig. 3. (a) PL spectrum of shallow ensemble NV centers (b) ODMR spectrum obtained from 
shallow ensemble NV centers illustrating their perfect alignment. Magnetic field of 25 mT was 
applied for measurement. While the black line shows the actual results of the ODMR spectrum, 
the red curve is a Voigt function fitted result. Peaks are indicated with a corresponding direction 
([111]) of the NV centers. Spin coherence measured by (c) Rabi oscillation measurement and (d) 
spin echo measurement. Black circles indicate the experimental results and the red curves indicate 
best fit. 
The surface magnetic sensitivity and depth of the NV centers are demonstrated by performing 
nanoscale NMR using a XY8 sequence. With respect to the nanoscale NMR, statistical polarization of 1H 
and 19F spin is detected at Larmor frequency, which is determined by an applied DC magnetic field. A 
periodic sequence of microwave π pulses is applied during coherent evolution in order to dynamically 
decouple the environmental magnetic noise from the NV centers. The local magnetic field is measured by 
the ODMR spectrum obtained from the shallow NV centers ensemble. The detection of the nuclear spin 
is confirmed by a sweeping pulse spacing τ, and Larmor precession is detected when τ matches half the 
periodicity of the precession. The XY8-80 (total of 80 pulse) sequence was performed at three different 
values of the magnetic field in order to obtain a change in the contrast at a frequency that corresponded to 
the Larmor frequency of fluorines in Fomblin Y HVAC 140/13 oil and thin layer of proton reported 
previously4. A change in contrast was observed with respect to magnetic fields of 24.1, 25.9 and 27.5 mT, 
and this caused phase accumulation in the NV centers at frequencies corresponding to 1.03, 1.1 and 1.17 
MHz for proton spins and 0.97, 1.04 and 1.1 MHz for nuclear spin of fluorines. Figure 4 (b) shows the 
experimentally observed frequency with respect to changes in the magnetic field. Frequency of protons 
and fluorines are measured with less than 0.8 % difference from theoretical value. The gyromagnetic ratio 
of the observed nuclear spin can be obtained from the straight line fit since it shows the dependence of 
frequency on the applied magnetic field. The slope of straight line fit corresponds to 42.4 MHz/T for 
proton and 39.9 MHz/T for fluorine. Gyromagnetic ratio obtained from these slopes indicate less than 
0.4 % difference in the frequency when compared with a gyromagnetic ratio of 42.58 MHz/T of 1H proton 
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and 40.03 MHz/T of fluorine 19F. A small number of pulses that are applied during the measurements 
limits the full width at half maximum (FWHM) value obtained from the measurement to 25 kHz. The 
effect of broadening can be suppressed by increasing T2 and applying a larger number of pulses or via 
correlation spectroscopy to achieve a resolution limited by T1 that is considerably longer than T24,28,29.  
 
Fig. 4. (a) Normalized contrast obtained from nanoscale NMR from proton and fluorine at 
different magnetic fields. (b) Frequency of the detected AC magnetic field plotted with respect to 
the applied DC magnetic field. 
The depth of the NV center can be determined by single NV center approximation using methods 
described previously by DeVience et al4. The fitting of the contrast obtained from XY8 sequence 
calculates the total magnetic field detected from the 1H thin layer of proton with a reported hydrogen 
density of ρ= 60 hydrogen atoms per nm-3 and the 19F contained in Fomblin oil with a reported fluorine 
density of ρ= 40 fluorine atoms per nm-3. The contrast obtained from the nanoscale NMR measurement 
is normalized with the decay of the T2 function. After normalization, results obtained from XY8-80 
measurements were used for fitting using function described in previous report4,30 with NV center depth 
and thickness of proton layer as a fitting parameter. Fitting of our result shows proton layer of 
approximately 0.7-1.6 nm thickness with error of less than ±0.5 nm and NV centers depth of 
approximately 9-10.7 nm with error of less than ±0.8 nm. Thickness of proton layer estimated from our 
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study is comparable to the value reported previously4. Further study to investigate depth distribution of 
T2 and depletion of NV centers within 10 nm from surface will be our future work for improving 
sensitivity of nanoscale NMR.  
In conclusion, this study demonstrates that a highly aligned high-density shallow NV centers ensemble 
is formed by step-flow growth using MPCVD growth on (111) substrates. More than 6.1×1015 cm-3–
3.1×1016 cm-3 NV centers are detected from confocal scan. The results demonstrate highest NV density in 
the vicinity of the surface with perfect alignment of more than 99 %. Surface sensitive magnetic field 
measurement was performed by observing thin layer of proton and fluorine contained in Fomblin oil by 
nanoscale NMR using XY8-80 pulse sequence. The single NV center approximation indicates that the 
depth of the NV centers is approximately 9-10.7 nm from surface with error of less than ±0.8 nm. Our 
finding offers a route for material engineering for future of quantum magnetometry using NV centers that 
requires atomic level control of NV centers alignment for precise alignment of magnetic field and surface 
sensitive magnetic field detection in nanoscale for wide field imaging. 
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